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This thesis represents a study of the effects of turbulent 
motion on heat transfer coefficients on cylindrical pipe.
The turbulent motion was created by cutting transverse slots 
in a spiral configuration along the pipe length.
An induction heater was used for the heat source and water as 
the cooling medium. The water was conducted over the pipe surface 
and through the slots.
This caused the laminar layer along the pipe surface to be 
broken up and an increase in the heat transfer coefficient was 
experienced.
The main objective of this test was to find if a relation 
existed between the heat transfer coefficient, pipe diameter, and 
the distance between the transverse slots.
A ratio of the distance between the slots to the pipe diameter 
was used in determining the configurations to be used for the test.
It was found as the distance between the slots, or the ratio, 
increased the heat transfer coefficient decreased and approached 
the value of the heat transfer coefficient of a solid pipe.
The author wishes to express his appreciation to Dr. Aaron J. 
Miles for suggesting this problem, and for his guidance and 
assistance throughout the investigation.
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his suggestions in the composition of the material.
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i. INTRODUCTION
The object of this study is to investigate pipe heat transfer 
coefficients resulting from channeling a cooling fluid (water) through 
transverse slots in the pipe wall thereby altering the turbulent flow 
pattern.
The analysis was conducted on Iron Pipe Size (IPS) pipe with 
the transverse slots cut in a spiral direction around the test specimen.
The pitch ratio of twice the distance between the slots to the tube 
diameter is defined as the pitch. A determination was made to ascertain 
the effect of this pitch on the magnitude of the heat transfer coefficients.
An analysis of this type should be particularly useful in the 
study of convective heat transfer of incompressible fluids with 
relatively low Prandtl numbers.
A common problem encountered in engineering design is the 
calculations of heat transfer, for the purpose of either determining 
the size of the heat transfer apparatus, or of finding the heat loss 
or gain by a given body to the surrounding fluid, or the rate of 
temperature change of the body.
One of the most common types of heat transfer is convection.
The film or heat transfer coefficients accompanying convection heat 
transfer may be determined by three methods or a combination of 
them. These are: experimental accumulation of data and correlation,
13
dimensional analysis, and theoretical solutions based on knowledge 
of velocity distributions in the fluid. Early data were collected 
for overall heat transfer coefficients, but it was soon recognized 
that too many factors affected such values to make it possible to 
generalize them. Subsequent studies have been directed toward 
determining film coefficients by choosing experimental conditions 
such that the unknown film is the controlling heat transfer 
resistance,* arranging the experinrent such that other known 
resistances can be calculated and subtracted from the observed 
over-all resistance, or by measuring surface temperatures so that 
film coefficients can be directly calculated from the film 
temperature differences.
The procedure followed in this investigation utilizes the 
practice where the data is collected and the heat transfer coefficients 
are subsequently determined from the surface and coolant temperatures 
and given conditions.
When heat transfer is interrelated with fluid flow it is of 
special interest in the field of aerodynamics. In aircraft power 
plants serious difficulties are encountered in an effort to cool 
certain structural elements such as combustion chamber walls, nozzles, 
and gas turbine blades, against the influence of hot gases.
*—The stagnant layer of fluid along the pipe surface.
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In recent years developments in the field of high efficiency 
power plants have brought out the need for a better knowledge of
the laws of heat transfer at heat fluxes from 100,000 Btu/hr.-ft. , 
to 10,000,000 Btu/hr.-ft. , so that compact cooling or heat transfer 
systems can be designed for these power plants. In the specialized 
field of combustion devices, the rocket motor presents one of the 
most difficult conditions ever encountered from the standpoint of 
cooling.
The nuclear reactor presents very difficult cooling conditions. 
The reactor can produce excessively high temperatures in its core.
To prevent excessive heating of the core materials requires an 
efficient cooling system around the reactor control rods as well as 
other sections of the reactor. This cooling is usually accompolished 
by convective heat transfer. In light water moderated reactors water 
is used as the cooling fluid.
It has been proved conclusively that when a fluid flows over 
the surface of a plate or pipe a boundary layer of stagnant fluid 
exists at the surface. In turbulent flow a continuous mixing of the 
fluid particles reduces this film and expedites the flow of heat.
The turbulent mixing process is so little understood at present that 
to this date no one has succeeded in deriving the heat transfer 
coefficient in turbulent flow from fundamental relationships. It has 
been shown by Reynolds, Taylor, Prandtl, von Karman and others that 
it is possible to derive formulas for heat transfer by hydrodynamic
2
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measurements and to gain a good insight into the mechanism of 
turbulent heat exchange at defined conditions.
The observations and correlations for this study will utilize 
the following assumptions: Only the fluid layers in the proximity 
of the wall influence the heat transfer, the velocities in these 
layers are practically parallel to the wall, and the heat flow is 
normal to the wall.
The experimentation was conducted on an induction heater with 
water as the cooling medium and black iron pipe as the test specimens. 
The main objective of this was to study the effect of spacing of the 
transverse slots on the heat transfer coefficient with respect to 































































Boundary layer thickness ft.
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SYMBOL QUANTITY UNITS
X Boundary layer length Ft.
y Distance normal to boundary Ft.
A P Pressure drop Lb/In^
9c Constant 4.18xlo8(Lb.„,- ft/lb^- Hr^)
A Heat transfer area Ft.^
D Inside pipe diameter Ft.
F Frictional resistance per unit 
surface Lb/ (Ft^)/(Ft./Hr.^)
i
Distance from boundary, less 
than boundary layer thickness Ft.
R Pitch ratio (2 x slot spacing) 
(pipe diameter) Dimensionless
^av Average pipe surface temperature °F
^av Average coolant water temperature °F
w Mass flow of coolant water Lb/Hr.
^in Enthalpy of inlet coolant water Btu/Lb.
^out Enthalpy of outlet coolant water Btu/Lb.
Velocity component in the 
direction of flow Ft/Hr.
u Fluid velocity Ft/Hr.
L Pipe length Ft.
s Pipe cross-sectional area Ft.^
18
The problem of forced convection heat transfer is intimately 
related with the phenomena of fluid flow, at first in developing 
heat transfer theory, and later in selecting economical design 
conditions. It is not surprising that Osborne Reynolds, who in 
1875 evolved the remarkable theory of heat transfer, should have 
been an early student of fluid flow. He demonstrated clearly the 
two types of flow, viscous or streamline flow, and turbulent flow, 
and established the criterion for a change from one to the other as 
the group , which is known by his name and recognized as
the Reynolds number. The pressure drop A P  , or frictional 
resistance per unit surface area, F, for flow of various fluids has 
been found to be a function of the Reynolds number. The term "f" 
is called the friction factor, and is defined in terms of pressure 
drop or frictional resistance by the Fanning equation:
'III. REVIEW OF LITERATURE
....(12)
For flow inside round pipes, the ratio of cross-sectional area to 
surface area is equal to D/4L (2). Below the critical Reynolds 
number for flow inside tubes of 2300, the flow is viscous and the 
plot of friction factor represents the Hagen-Poiseiulle law derived 
theoretically and supported by the best data (2).
^ Const^tvi •••• (13)
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-It will be noted that density does not enter into this relation.
Above the critical Reynolds number, the flow is turbulent and the 
friction factor is based solely on experimental data, since the theory 
in this region is as yet incomplete.
BOUNDARY LAYER
Very often the flow of real fluids differs from laminar flow.
When the Reynolds number is increased, internal flow in the boundary 
layer formed on surfaces undergoes a transition from laminar to 
turbulent flow. The whole field of flow about a body immersed in a 
stream, and in particular, the force exerted on it, are strongly 
dependent on whether the flow in the boundary layer is laminar or 
turbulent. Transition in a boundary layer on a solid body in a 
stream is affected by many parameters, the most important ones being 
the Reynolds number, the roughness of surface which the fluid is 
flowing over and the distance from the leading edge of the surface.
The transition point and the magnitude ^f the skin friction 
can be strongly affected by other means. One example is by sucking 
away the boundary layer. This process consists of removing decelerated 
particles before they have a chance to cause separation. Another 
method employed in controlling the transition point is the use of 
laminar profiles in the flow. These usually are laminar aerofoils.
20
TEMPERATURE VARIATION IN THE DIRECTION OF FLOW
The problem of heat transfer from surfaces whose temperatures 
vary in the direction of fluid flow has not been investigated in 
depth. However, Rubesin (4) has outlined some of his findings in 
this field. The analysis of heat flow for such cases shows that the 
heat fluxes which would be predicted when the surface temperature 
variation is not taken into account differ markedly from the case 
where the varying temperature effect is included. In some cases the 
actual heat flux is in the opposite direction to the prediction based 
on an isothermal surface.
Heat transfer from nonisothermal surfaces has in recent years 
attracted the attention of many workers. A number of exact solutions 
to the differential equations for conservation of momentum, mass 
and energy have been given, as well as several suitable approximate 
solutions.
Experimental data to test the various analytical solutions have 
been almost lacking. The data needed for the solution of these new 
expressions is sometimes very difficult to obtain.
Flows in modified annuli have been studied by Knudsen and Katz 
(6). By modified annuli it is meant increasing the heat transfer 
area by the use of fins, therefore, reducing the annular area around 
the tube. Some types of finned tubes have longitudinal fins which 
are parallel to the axis of the tube. Other types of finned tubes
21
have fins which are in the form of flat, circular discs mounted 
perpendicularly to the axis of the tube. These are transverse-fin 
tubes. Another type of fin used is in the form of a helix, and the 
tubes are transverse-helical-fin tubes. Other types of extended 
surface tubes are spine-tubes and serrated-fin tubes.
There has been little investigation of the mechanism of the flow 
of fluids in modified annuli, although considerable work has been 
done on the study of the pressure drop in such annuli. Knudsen has 
carried out a study on the mechanism of flow in five modified annuli 
containing helical-transverse-fin tubes. The investigation covered 
the determination of velocity profiles in these annuli and the 
visual study of the flow patterns occurring in the spaces between the 
fins with water flowing in the modified annulus.
Knudsen and Katz also investigated flow patterns occurring in 
modified flow by injecting colored fluid into the flowing annular 
stream at a point just above the edge of the fin. This made it 
possible to study the path of the flowing fluid in the fin spaces. The 
visual study was made both for laminar and turbulent flow and covered 
a Reynolds number range of 500 to 20,000.
The influence of entrance disturbances on the velocity profile 
has been investigated by Knudsen and Katz. This was done by varying 
geometry of the entrance to a tube. In the field of heat transfer, 
entrance disturbances influence the heat transfer coefficient.
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-Robinson and Katz (7) measured heat transfer coefficients for water 
at a point 25 to 55 diameters downstream from an orifice in one-half 
inch copper tubes. These investigations found that the heat transfer 
coefficient was proportional to the Reynolds number to the 0.88 power. 
In flow where the entrance effects were sufficiently dissipated and 
the fluid mechanics depended only on the fluid properties and the 
boundaries of the system, the heat transfer coefficient was 
proportional to the Reynolds number to the 0.8 power.
SPECIAL METHODS OF COOLING
At the present date there are three popular methods of cooling 
with fluids. They ares convection, film transpiration, and film 
evaporation. The first method, convection, is defined as the arrangement 
when the coolant fluid never comes in contact with the hot fluid.
Hdt FUi'd
Coo La n't
Figure 1. - Convection Cooling
-In the film cooling process, a stream of coolant is blown through
a series of slots in a direction that is tangential to the surface. 
Hoi FLu'id.
Coolotnt
Figure 2. - Film Cooling
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In this way a cold layer is created that insulates the wall from the 
hot fluid. The coolant film is gradually destroyed due to mixing by 
the hot gases, so that its effectiveness decreases in the downstream 
direction. Transpiration cooling is a process where the coolant is 
blown through the pores in the tube wall. The wall is manufactured 
from a porous material.
Uol Fluid
Figure 3. - Transpiration Cooling
In this process the coolant film on the hot gas side is continuously 
renewed, and the-cooling effectiveness can be made to stay constant 
along the surface. In the preceding discussion it was assumed that 
the coolant as well as the hot medium are either both gases or 
liquids. However, when the hot medium is a gas, the cooling 
effectiveness can be very much increased by using a liquid as a 
coolant. This process is known as film evaporation cooling.
Hoi
Figure 4. - Film Evaporation Cooling
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Here a liquid film is created on the hot gas side of the wall, the 
liquid is evaporated on its surface, and the heat is absorbed by the 
evaporation process, thus substantially increasing the effectiveness 
of this cooling method.
The methods of cooling mentioned above are indirectly related 





In the flow of heat from a boundary layer into a fluid 
sufficiently extensive for convective currents to exist, two different 
transport processes give rise to a fairly abrupt change in the 
temperature gradient through the fluid. Near the surface where 
conduction alone is operative, the thermal resistance is high and the 
temperature gradient steep. Further from the surface, where convection 
is operative, the thermal resistance and the temperature gradients 
are both much lower. For a better understanding of convection flow 
it may be assumed that a core of fluid is so well stirred that it is 
at a uniform temperature. Then the entire thermal resistance to the 
flow of heat from the surface to the core of the fluid may be 
imagined as located in a film close to the surface. The thermal 
resistance of this film per unit area depends on the quotient of the 
thermal conductivity (k ) of the film material and the film thickness 
(b ). The quantity of heat (Q) crossing unit area in unit time in a 
substance of thermal conductivity (k ) under a temperature gradient 
(dt/dx) is given by the Fourier equation
Q = Kdt/dx......................(1)
When the flow is considered across a uniform film of thickness 
(b ), at either side of which the temperatures are Tj^  and Tj^ +At, 
equation (l) integrates to
Q = K At/B.....................(2)
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In problems of convective heat flow where B or K are not directly 
considered, these two properties may be combined, together with 
any shape factors necessary, into a single property (h) which is 
known as the film coefficient, heat transfer coefficient or 
transmittance. Then equation (2) may be written as
Q = h ^ t  . ......................(3)
The property "h" is thus a measure of the heat transferred per unit 
area, per unit time, under unit temperature difference while thermal 
conductivity is a measure of the heat transferred per unit area, per 
unit time, under unit temperature gradient.
CALCULATION OF FILM COEFFICIENTS
When determining the magnitude of the heat transfer coefficient 
the significance of the temperature difference must be taken into 
consideration. In forced convection the temperature difference is 
the difference between the well defined surface temperature tg and the 
temperature of the fluid. The temperature of the fluid varies 
throughout the length of flow. In a fluid being heated as it flows 
through a pipe, the fluid temperature is at a maximum value at the 
surface and at a minimum value at the axis of the pipe. (Laminar Flow). 
No agreement exists as to whether the temperature at the axis, the 
linear average temperature along a diameter, or another mean temperature 
should be used. For turbulent flow the temperature of the fluid 
increases or decreases sharply in a very thin layer next to the surface 
and is practically constant throughout the bulk of the fluid. From
27
this reasoning the fluid temperature may be taken at any point in 
the cross-sectional area except close to the surface.
A good general correlation (l) of data for heating or cooling 
of any fluids in turbulent motion (Re >2300) through pipes is
WD
(4)
where for heating n = 0.4 and for cooling n = 0.3 may be used.
The physical quantities are all determined at the arithmetic 
*
mean of the "cup" temperatures of the fluid at entrance and exit, 
and "h" is based on the differences between the surface and the 
mean cup temperatures.
For annular flow the diameter in the Reynolds number of equation
(4) becomes the equivalent diameter and is computed by
D ^ 4 X Flow Area = 02^ * ....(5 )
e Heated Perimeter ---n *
^1
As discussed previously the mechanism of heat transfer by 
conduction and convection is complicated in the usual case of turbulent 
motion.
* Cup temperature is a theoretical temperature that would be formed 
by perfectly mixing the fluid passing the cross-sectional area of 
the tube per unit time in a "cup" and measuring its average 
temperature.
28
The velocity gradient across the stream does not follow any one 
simple relation but apparently involves three zones: film, buffer 
layer and turbulent core.
The heat leaving the wall is conducted through the film and 
transferred by convection to the buffer layer. This is done by 
mechanical mixing due to eddies and the remaining heat is transferred 
by conduction under the influence of the radial gradient in the 
temperature. The heat is then transferred to the turbulent core, 
where the mixing is apparently thorough.
Many writers have assumed analogies between the equations for 
the transfer of heat and momentum. The following is a review of 
some of these analogies and the equations derived:
Reynolds was the first to propose an analogy. This was done 
long before experimental data were available. It was assumed that 
all the thermal resistance was in the turbulent core and a simple 
dimensionless equation was developed
h/Cp G = f / 2 ........................  (6)
In this expression it is assumed that the kinematic viscosity ^  
is equal to the thermal diffusivity dimensionless
group equals unity. For gases this assumption is not in
large error and equation (6) is a fair approximation of the actual 
heat transfer and frictional data for gases.
Prandtl and Taylor extended the Reynolds theory to Include a
29
laminar flow layer near the wall and obtained the dimensionless 
relation
J l  _________________
(7)
This expression^involves r^, the ratio of the velocity at the 
interface between the film and core, to the average velocity v'.
The expression (l - r^) is the relative thermal resistance of the 
core and r^ that of the film.
Many modifications of the expression above have been derived 
for turbulent flow but all of them have led only to more complicated 
expressions which are difficult to solve. Also, the accuracy of 
these expressions is in a range of - 60 to + 20 per cent error when 
correlating empirical results with experimental data. Therefore, 
the engineer is just as safe using the general expression of 
equation (4).
Another empirical equation, which is a slight modification of 
equation (4) is
, ,0.8 , ,1/3
N = 0.037 (N^g) (Npr). .nu (8)
This relation is valid for completely turbulent boundary layers on 
flat plates for fluids having Prandtl numbers greater than 0.7.
TURBULENT FLOW
Since forced convection heat transfer is brought about by the
30
movement of fluids and the mixing of the fluid particles, it is 
necessary to know and understand the mechanism of fluid flow in order 
to understand the mechanism of heat transfer apd to explain the 
phenomena occurring during heat transfer. In order for heat transfer 
to take place, the temperature of the pipe wall must be different 
from the temperature of the fluid. The flow patterns of the fluid 
particles flowing past a solid wall are as illustrated below:
To irbu\.er\t
Figure 5. - Motion of a fluid flowing past a solid boundary.
immediately adjacent to the wall is a layer of fluid which is either 
in laminar flow or approaches it. In this layer there is essentially 
no movement of the fluid particles in the radial direction of the 
pipe, and hence there is no mixing of the fluid. The edge of the 
laminar layer is indicated in the sketch by wavy arrows, and beyond 
these is the turbulent core in which the circular arrows represent
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the eddies of turbulent flow. The buffer layer is a theoretical 
transition layer lying betv^een the laminar layer and the turbulent 
core.
The temperature of the laminar layer will be approximately the 
same temperature as the wall. Viith little movement in the film the 
heat transfer through this zone is by conduction. The temperature 
at the edge of the laminar layer will be less than the wall temperature 
but greater than the temperature at the center of flow. In the 
turbulent core the particles have a circular motion, and these eddies 
sweep the edge of the laminar layer and probably penetrate it, taking 
with them into the turbulent core fluid which is at a higher 
temperature than the fluid in the core. This hotter fluid is rapiidly 
mixed with the colder fluid in the turbulent core, the result being 
that heat is rapidly transferred from the edge of the laminar layer 
to the center of the stream.
When heat transfer occurs during turbulent flow the temperature 
gradient across the turbulent core is small, while the temperature gradient 
across the laminar layer is quite large. Since the rate of heat 
transfer is proportional to the temperature difference and inversely 
proportional to the thermal resistance of the material through which 
heat is flowing, it is apparent that the laminar layer provides the 
greatest resistance to heat flow, while the turbulent core provides 
very little resistance to heat flow. Any means that could be employed
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to reduce the resistance of the laminar layer would be beneficial 
in increasing the rate of heat transfer to the turbulent stream.
BOUNDARY LAYER THICKNESS
The solution for the thickness of a laminar boundary layer on 
a horizontal surface has been derived from the change of momentum 
and shear stresses within the boundary layer. Eckert (3) found the 
following equation:
....(9)
Making some assumptions to fit an experimentally determined velocity 
profile in the boundary layer, Eckert found the relation for the
thickness of the laminar boundary layer to be
i
J = 4.64 x/(Re). ... ( 10 )
where x is the length of the boundary layer. By a similar derivation,
the thickness of the turbulent boundary layer was found to be
1/5
5 = 0.376 x/ (Re) . ...................(ll)
In both cases, it can be seen that the thickness of the boundary 
layer is inversely proportional to the Reynolds number to some power 
and directly proportional to the length of the boundary layer.
As the length of the boundary layer increases the thickness of 




Figure 6. - Boundary layer on solid surface
By altering the direction of flow through the use of transverse 
slots the boundary layer resembles
Figure 7a.- Boundary layer over transverse slots
Then by placing the slots in a rotational configuration the 
thickness of the boundary layer is reduced further since the swirling 
action of flow introduces a centrifugal velocity component to the 
fluid.
This theory was used in this experiment. The pipes had transverse 
slots cut in a spiral configuration in the walls. The spacing of the 
slots was varied to study the effect on the boundary layer.
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V. TEST EQUIPAENT
A front view of the equipment used in this experiment is shown 
in Figure 7. A photograph of the equipment is shown in Figure 8.
INDUCTION HEATER
The induction heater used in this test was a Westinghouse single 
phase multipurpose heater. Its source of power was a motor-generator 
set with an output of 9600 cycles per second. It was capable of 
supplying a voltage range of 12^ volts to 800 volts. The motor-generator 
set was protected from over heating through cooling water temperature 
devices which were connected into the starter motor so that when the 
cooling water temperature reached approximately 90°F the mg set was 
shut off. The induction coil was made of 3/8" copper tubing and was 
approximately 3 inches in diameter, 24 inches long, and had 25 turns.
The copper tubing served as cooling tubes for the induction coil as 
well as a conductor for the power supply. An illustration of the 
general flow of this machine is shown in Figure 9.
COOLING WATER
The coolant water for the induction heater motor-generator set
was taken from the steam turbine condenser of the school power plant
and was circulated by a Doerr Electric triplex pump. To prevent the
0
condenser water temperature from getting above 90 F, before each run 
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The cooling water used in the actual experiment was supplied by 
the Missouri School of Mines electric power station. This water is 
processed by a lime-soda ash hot process water softner and was 
extracted from the plant condensate supply. The necessary head was 
made available by the installation of a pump in the line.
FLOW MEASUREMENT
The flow of process water over the test specimen was determined 
by a "differential pressure" type flow meter made by the Minneapolis- 
Honeywell Regulator Company. The magnitude of flow was recorded on 
a circular chart that was calibrated to rotate at the rate of standard 
time. The meter was calibrated through an actual test and the results 
are given in the appendix.
PRESSURE MEASUREMENT
The inlet water pressure flowing over the test specimen was 
measured with a Bourdon tube type pressure gage with a range of 0 to 
600 psi. It was connected in the process water line ahead of the 
inlet control valve to the test section. The pressure of water leaving 
the test specimen was determined by another Bourdon type gage but 
with a scale of 0 - 60 psi. It was located ahead of the exit control 
valve. The pressure was regulated by the two control valves loeated 
at each end of the test section. (See Figure 9).
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TEST SECTION
The specimens used in this experiment are shown in Figures 10, 
11, 12. They were l/2", 3/4" and 1" IPS steel pipe, 20" long and 
supported on the upstream end with 1/8" aluminum legs. The outer 
tube was glass, 30" long, 1 7/8" inside diameter, 2 l/4" outside 
diameter, and was held between two aluminum flanges. The two end 
aluminum flanges were secured by 4 steel rods, 3/8" in diameter and 
36" long. The thermocouple leads passed through the down stream 
flange and were made water tight by "0" rings which were tightened 
into seats around the leads by small bolts. The upstream end of 
the specimen's inner flow was closed by a rubber plug. The 
downstream end of the specimen's annular flow was closed by a rubber 
gasket. A lucite spacer was used to place the specimen into position 
inside the induction heating coil. The test specimen was spaced 6" 
from the end of the glass tube where the water flowed back into the 
exit pipe. This acted as a mixing chamber for the exiting process 
water. An air valve was fitted into the upstream aluminum flange 
to dispose of any air that might collect in the test section.
WATER TEMPERATURE MEASUREMENT
The inlet and exit water temperatures were determined by 
iron-constantan thermocouples which were located in the inlet and 
outlet flow pipes. An illustration of the thermocouple mountings 




























































recorded manually on a Minneapolis-Honeywell Rubicon Series 
potentiometer. A 32°F temperature base was used for the potentiometer 
operation. An automatically recording Wheelco 8000 Series 
potentiometer was available but its rate of recording was inadequate 
to give good average values.
SURFACE TEMPERATURE MEASUREMENT
The measurement of the surface temperature became a more 
difficult problem than the process water temperature. The problem 
of turbulence and insufficiently mixed water caused fluctuations 
in the surfaca^temperatures. Some of this was remedied by drilling 
small pits in the tube wall and placing the thermocouple tip in them. 
This not only helped to prevent temperature fluctuations but also, 
gave a more accurate average surface temperature. The reason for 
this was that both inside and outside temperatures were considered 
to be the same in the calculations. The thermocouples were brazed 
in the pits at three different locations. One at each end and one 
in the center of the tube length. (See Figures 13, 14, 15) The 
thermocouple leads were then placed through the outlets in the 
downstream aluminum flange and connected to the potentiometer as in 
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The following procedure was adopted for this test.
The test specimens were cut on a horizontal milling machine.
The slots in the pipe were cut with l/l6" cutting saws. The spacing 
of the slots were determined by a ratio
R = Pitch___________
Diameter of tube .
1. After the slots were cut in the specimen, three l/8" holes 
were drilled in the upstream end for the connection of the aluminum 
supporting legs. Three pits were drilled along the tube length for 
the connection of the thermocouples. The thermocouples were brazed 
to the pipe and the test specimen was placed in the glass tube. The 
aluminum legs were cut off to fit loosely inside the tube to provide 
for thermal expansion. The thermocouple leads were placed through 
the "0" rings in the downstream end flange and tightened into position. 
The aluminum end flanges were tightened into position by the 36" 
steel rods in the test section.
2. The turbine condenser cooling water was circulated through 
the cooling tower for approximately five minutes. Before turning off 
the circulating pump to the cooling tower the triplex pump to the 
motor-generator set was started. The reason for this was that the 
head on the triplex pump was increased by the amount of head on the 
cooling water circulating pump and thus made it less difficult for
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the triplex pump to go into operation.
3. The circulating pump for the process water supply from the 
power house was started.
4. The flow meter switch was turned to the on position.
5. The exit control valve was fully opened and the inlet valve
was opened until the flow meter reading was approximately 200. This 
was to dispose of all the stagnant water in the lines between the 
condensate supply and induction heater. Also, to permit the process 
water to approach an equilibrium temperature.
6. As the process water started approaching an equilibrium
temperature the motor-generator set was started. This was done by 
turning the safety switch inside the starter cabinet to the on position.
Then checking to see that the cooling water pressure to the mg set was
approximately 50 psi the mg starter switch was pressed. (See
Figure 7) The mg set was permitted to operate approximately two 
minutes before the power to the induction coil was put into service.
7. The induction coil was put into operation by switching on 
the excitation and high frequency power. Then checking to see if 
the current was leading or lagging the powerstat was increased. If 
the current was lagging the 30, 60, or 90 KVARS were added as they 
were needed.
8. The air in the test section was disposed of by closing the
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outlet control valve and releasing the air through the small valve 
located on the upstream aluminum flange. After all the air was 
released the outlet control valve was fully reopened.
9. The flow meter was adjusted to read 25 and a twenty minute 
time interval was allowed for stable conditions to be attained.
10. The potentiometer was adjusted for operation. This was done 
by turning the emf rehostats to the zero position. Then turning the 
compensating controls completely counter clockwise and depressing 
the short circuit button the potentiometer was adjusted to read
zero by the voltage rehostats. Then the thermocouple leads were 
connected to the potentiometer. The temperatures were determined by 
pressing the potentiometer emf switch and adjusting the emf rehostats 
until the scale read zero. The temperature was determined by recording 
the resulting emf value and comparing it to the temperature manual 
for iron-constantan thermocouples.
11. The center thermocouple from the test specimen was connected 
to the potentiometer and the powerstat was increased to start heating 
the specimen. The desired temperature was adjusted and the test was 
ready to proceed.
12. The powerstat was increased until the center Surface temperature 
was approximately 185°F. Then the inlet, outlet, three surface 
temperatures, and the flow were recorded.
13. The flow meter was increased to read 50. The powerstat was
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increased to compensate for the increase in flow. Approximately 
five minutes elapsed between readings to permit stabilization. The 
only adjustments made were the surface temperature and process water 
flow. This procedure was repeated for 8 interval readings ranging 
from 25 units to 200 units on the flowmeter.
14. After taking readings for the eight different flows the 
excitation was turned off. Then the motor-generator set was turned 
off. The cooling water for the mg set was permitted to circulate 
for approximately three minutes after the machine was turned off to 
prevent any damage that might have occurred from residual heat in the 
apparatus. The process water pump was turned off and all the 
equipment shut down the same as it was found. The cooling tower had 
to be drained to prevent freezing. This was done by opening drain 
valves located in the tunnel between the power station and the 
Mechanical Engineering building.
15. Each run was made twice or until nearly duplicate values 
could be obtained. The heat transfer coefficients were calculated 
for each flow rate of the recorded data.
The test above was performed with each of the following test 
specimens and under the stated conditions:
1. l/2" IPS steel pipe, 20 inches long with no transverse slots.
Both ends were left open with the annular flow unrestricted. The 
water flowed axially over the pipe. This is Specimen No. 1 Figure 10.
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2. l/2" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 2.0. The transverse 
slots were spaced l/2" apart in a spiral configuration. This is 
Specimen No. 2 Figure 10.
3. l/2" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 2.66. The transverse 
slots were spaced 0.66" apart in a spiral configuration. This is 
Specimen No. 3 Figure 10.
4. l/2" IPS steel pipe, 20 inches long with l/l6" transverse
slots. The slots were cut with a pitch ratio of 4.0. The transverse
slots were spaced 1" apart in a spiral configuration. This is
Specimen No. 4 Figure 10.
5. 3/4" IPS steel pipe, 20 inches long with no transverse slots. 
Both ends were left open with the annular flow unrestricted. The 
water flowed axially over the pipe. This is Specimen No. 5 Figure 11.
6. 3/4" IPS steel pipe, 20 inches long with I/I6" transverse 
slots. The slots were cut with a pitch ratio of 2.0. The transverse 
slots were spaced 3/4" apart in a spiral configuration. This is 
Specimen No. 6 Figure 11.
7. 3/4" IPS steel pipe, 20 inches long with I/I6" transverse
slots. The slots were cut with a pitch ratio of 2.66. The transverse
slots were spaced 1" apart in a spiral configuration. This is Specimen
No. 7 Figure 11.
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8. 3/4" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 4.0. The transverse 
slots were spaced 1 l/2" apart in a spiral configuration. This is 
Specimen No. 8 Figure 11.
9. 1" IPS steel pipe, 20 inches long with no transverse slots. 
Both ends were left open with the annular flow unrestricted. The 
water flowed axially over the pipe. This is Specimen No. 9 Figure 12.
10. 1" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 2.0. The transverse 
slots were spaced 1" apart in a spiral configuration. This is 
Specimen No. 10 Figure 12.
11. 1" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 2.66. The transverse 
slots were spaced 1.33" apart in a spiral configuration. This is 
Specimen No. 11 Figure 12.
12. 1" IPS steel pipe, 20 inches long with l/l6" transverse 
slots. The slots were cut with a pitch ratio of 4.0. The transverse 
slots were spaced 2" apart in a spiral configuration. This is 
Specimen No. 12 Figure 12.
The minimum process water flow was 600 LB/HR and the maximum 
was 1545 LB./h e .
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VII. CALCULATIONS 
ASSUMPTIONS MADE FOR CALCULATIONS
1. The physical properties of the coolant water were assumed 
to remain constant in the range of temperatures used for the test.
2. The temperature distribution between the thermocouples on 
the test section was assumed to be linear and uniform.
3. The temperature of the test section was assumed to be 
uniform on the inner and outer surfaces.
4. The heat transfer coefficient was assumed to be constant 
over the total surface of the test section.
5. The effect of the induction coil on the thermocouple leads 
was neglected.
6. The heat loss to the surroundings was considered to be 
constant and negligible in magnitude.
7. The heat loss of the coolant water to the surroundings was 
neglected.
8. The heat transfer area lost at the rubber plug and annular 
gasket was neglected.
9. The loss of heat through the aluminum legs was considered 
negligible.
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10. The increase in heat transfer area due to the cutting of 
slots was neglected.
AVERAGE.SURFACE TEMPERATURE
Due to the assumption of the surface temperature of the specimen 
being linear and uniform, the average or mean surface temperature 
was calculated by:
T Temp. Pt. 1 -f Temp. Pt« 2 -f Temp. Pt. 3
3
See Figures 13, 14, 15.
AVERAGE WATER TEMPERATURE
Assuming the heat transfer loss to the surroundings to be 
constant and negligible, the average or bulk temperature of the 
coolant water was determined by:
^av *  ^in ^out
See Figure 9.
HEAT TRANSFER COEFFICIENT
The temperature difference between the test section and the 
coolant water is given by:
A CT — Tav ” tgy
59
The amount of heat transferred from the test section to the 
coolant water in a given unit of time is
Q - wc ;
where w is the mass flow of the coolant water.
This is equivalent to
Q = w (h. - h .) ;' in out
where h is the enthalpy of the water at relative temperatures.
The amount of heat given up by the test section in the same 
given unit of time as above is
Q — hA (Tgy “ ^av^ *
Where h is the heat transfer coefficient and A is the sum of the 
inner and outer surface area of the test section.
Equating the two relations above and solving for the heat
transfer coefficient we get
h = w (h. - h . )_ in out'
^ ” ^av^ *
ACCURACY OF RESULTS
The accuracy of the results was influenced by the following 
factors:
60
^1. Due to the turbulent action near the thermocouples on the 
pipe surface the emf readings taken by the potentiometer fluctuated
to some extent. This will cause the temperature readings to have
o 0
an approximate error of 1.0 . In a temperature range of 180 to 190 F
this may make a discernible error.
2. The assumption of the temperature distribution being linear 
along the surface of the specimen is not realistic. To get a better 
approximation of the surface temperature a number of thermocouple 
should have been placed along the surface. The apparatus used would 
not permit this since the downstream flange contained only three 
connections for thermocouple leads. The temperatures were recorded 
manually and the addition of more thermocouples would have made the 
test much more difficult.
3. Since the apparatus was not insulated there was a small 
amount of heat lost to the surroundings which was not taken into 
account. However, this was corrected to some extent by the increase 
in heating area obtained from the inner surfaces of the transverse 
slots.
4. The assumption of the inner and outer pipe surfaces being 
uniform in temperature could have had some influence on the results. 
In the vicinity of the rubber plug in the upstream end of the test 
section some stagnation occurred of the cooling water especially 
when the slots were spaced relatively far apart. At low flow rates 
some cavitation could occur in this vicinity.
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Considering all the factors presented above, the accuracy of 
the results may be accepted as being within + 10 %. The purpose 
of this experiment was to study the characteristics of these 
different test specimens and not to obtain a precise evaluation for 
each of the limiting conditions. An exact evaluation of this test 
was not permitted due to the limitations of the apparatus used.
The results of this experiment are given in Tables I through 
XXIV, and Plates 1 through 18. Each run was plotted and the series 
of runs on each size pipe was combined into one graph to facilitate 
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VIII. INTERPRETATION OF RESULTS
The results of the tests are given in tables 1 to 24 and plates 
1 to 18. A plain pipe with no transverse slots of each size of pipe 
tested was used as a reference. The ends were left open and the 
water flowed axially over both sides of the pipe. The results for 
each test specimen are discussed below.
SPECIMEN NO. 1: TABLE 1 AND 2, PLATE NO. 1.
This was a l/2" IPS plain pipe used for reference purposes.
By plotting film coefficient "h" against coolant water flow "w" a 
straight line correlation occurred. This is not surprising since 
the surface temperature was held in a close range. Also, this pipe 
was relatively small and the flow area was large enough for the flow 
of coolant to remain laminar through most of the test.
For the eight flows used in the test the film coefficients 
were more than doubled. Therefore, to get better heat transfer from 
a solid pipe higher flow rates should be used.
SPECIMEN NO. 2 j TABLE 3 AND 4, PLATE NO. 2.
This specimen was a l/2" IPS pipe with transverse slots cut with 
a pitch ratio of 2.0. The slots were in a spiral configuration and 
spaced l/2" apart. Turbulence was very high in the neighborhood of 
the slots and the film coefficient shows a 75% increase at minimum 
flow and a 983^  increase at maximum flow. This increase was due to the
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destruction of the laminar layer on the pipe by the use of the slots 
creating turbulence.
Considering the heat transfer per pound of coolant water flowing, 
the slotted pipe is much more efficient with the efficiency increasing 
as the flow increases.
SPECIMEN NO. 3: TABLE 5 AND 6, PLATE NO. 3.
This specimen was a l/2" IPS pipe with transverse slots cut with 
a pitch ratio of 2.66. The slots were in a spiral configuration and 
spaced 0.66" apart. Turbulence was created in the neighborhood of 
the slots and the film coefficient shows a 35^ increase at minimum flow 
and 785^  increase at maximum flow. There is a sizeable decrease in 
the heat transfer efficiency. This is caused by increasing the 
distance between the slots which permits the laminar layer to increase 
in thickness. However, this configuration possesses good efficiency 
when compared to the plain pipe.
SPECIMEN NO. 4: TABLE 7 AND 8, PLATE NO. 4.
This specimen was a l/2" IPS pipe with transverse slots cut with 
a pitch ratio of 4.0. The slots were in a spiral configuration and 
spaced 1.0" apart. Turbulence was created in the neighborhood of 
the slots and the film coefficient shows a 22% increase at minimum 
flow and 54JI» increase at maximum flow. The evidence of decrease in 
the heat transfer efficiency is greater since the length of the laminar
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layer is increased. This configuration possesses fair heat transfer 
characteristics.
PLATE NO. 5.
This is a combination plot of the results obtained on the 
specimens that were discussed above. As the pitch ratio decreases 
the slope of the plot of film coefficient vs. water flow increases. 
Therefore, it is advisable to use high flows and low pitch ratios 
for high heat transfer efficiency.
PLATE NO. 6.
This is a plot of heat transfer coefficient vs. pitch ratio for 
the test specimens at the eight flows used. This plot consists of 
only three real points with the solid pipe representing an infinite 
pitch ratio. There is a definite similarity between the curves for 
each flow. The slopes of these curves are relatively steep for pitch 
ratios of 2.0 to 5.0. This region represents the most efficient 
configuration for a l/2" IPS pipe.
SPECIMEN NO. 5 j TABLE 9 AND 10, PLATE NO. 7.
This specimen was a 3/4" IPS plain pipe used for reference 
purposes. The plot of film coefficient vs. coolant water flow 
yielded a straight line. The temperature variation range was small 
and the flow was laminar for most of the flows used in the test.
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For the eight flows used in the test the film coefficient value 
nearly doubled. Therefore, for better heat transfer on a solid pipe 
an increase in coolant fluid flow is essential.
SPECIMEN NO. 6: TABLE 11 AND 12, PLATE NO. 8
This specimen was a 3/4" IPS pipe with transverse slots cut with 
a pitch ratio of 2.0. The slots were in a spiral configuration and 
spaced 3/4" apart. The creation of turbulence in the vicinity of 
the slots produced an increase in the film coefficient of ^1% at 
minimum flow and 21^ at maximum flow. There was a definite increase 
in the heat transfer coefficiets, but the heat transfer efficiency 
shows a definite, when compared to.
SPECIMEN NO. 7: TABLE 13 AND 14, PLATE NO. 9.
This was a 3/4" IPS pipe with transverse slots cut with a 
pitch ratio of 2.66. The slots were in a spiral configuration and 
spaced 1.0" apart. An increase in the film coefficient of 26JI^ occurred 
at minimum flow and 6.8% at maximum flow. An increase in heat transfer 
efficiency is evident but it constantly decreased as the distance 
between the slots increased.
SPECIMEN NO. 8* TABLE 15 AND 16, PLATE NO. 10.
This was a 3/4" IPS pipe with transverse slots cut with a pitch 
ratio of 4.0. The slots were in a spiral configuration and spaced 
1 1/2" apart. An increase in the film coefficient of 10% at minimum
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flow occurred and 1% at maximum flow. The heat transfer effectiveness 
has nearly vanished for this configuration. It is very evident that 
laminar layer build-up was occurring.
PLATE NO. 11.
This is a combination plot of the results obtained on the 
specimens that were discussed above. It can be readily seen that as 
the diameter of the pipe and slot spacing increases the film coefficient 
decreases. Also, the curves became more parallel with a decreasing 
slope as compared to the tests made on the l/2” IPS pipe. The 
slotted pipes effectiveness constantly decreased.
PLATE NO. 12.
This is a plot of heat transfer coefficient vs pitch ratio.
The curves are very similar, however, the results are more 
irregular than those obtained for the l/2" IPS pipe. The most 
efficient region lies between a pitch ratio of 2.0 and 5.0.
SPECIMEN NO. 9* TABLE 17 AND 18, PLATE NO. 13.
This was a 1" IPS plain pipe used for reference purposes.
The plot of film coefficient vs coolant water flow yielded a 
straight line. The temperature range was small. The annular 
flow area was reduced considerably when this pipe was used.
However, since both ends of the pipe were left open the flow remained 
laminar for most of the eight flows used.
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The film coefficient nearly doubled as the flow increased from 
600 Lb/Hr to 1545 Lb/Hr. This adds to the proof that for higher heat 
transfer rates on solid pipes increased flows are advisable.
SPECIMEN NO. 10: TABLE 19 AND 20, PLATE NO. 14.
This was a 1" IPS pipe with transverse slots cut with a pitch 
ratio of 2.0. The slots were in a spiral configuration and spaced 
1.0" apart. An increase in the film coefficient of 5% at minimum 
flow occurred and 4% at maximum flow. The plot of film coefficient 
vs. coolant water flow yielded a straight line.
SPECIMEN NO. 11: TABLE 21 AND 22, PLATE NO. 15.
This was a 1" IPS pipe with transverse slots cut with a pitch 
ratio of 2.66. The slots were in a spiral configuration and spaced 
1.33" apart. An increase in the film coefficient of 3% at minimum 
flow occurred and 4% at maximum flow. The efficiency of the slots 
have become practically negligible for this size pipe. The laminar 
layer thickness has become approximately the same as a plain pipe for 
this configuration.
SPECIMEN NO. 12: TABLE 23 AND 24, PLATE NO. 16.
This was a 1" IPS pipe with transverse slots cut with a pitch 
ratio of 4.0. The slots were in a spiral configuration and spaced 
2.0" apart. An increase in the film coefficient of 2% at minimum flow 
occurred and 2% at maximum flow. The plot of film coefficient vs.
1 1 2
_ coolant water flow yielded a straight line.
PLATE NO. 17.
This is a combination plot of the results obtained on the specimens 
discussed above. The slopes of these curves decrease with each curve 
approaching the values of a plain pipe. The efficiency of the slotted 
pipes has vanished. Therefore, the pitch ratio loses its significance 
as the pipe diameter increases.
PLATE NO. 18.
This is a plot of heat transfer coefficient vs pitch ratio for 
the test specimens at the eight flows used. This plot consists of 
only three real points with the solid pipe representing an infinite 
pitch ratio. The curves show definite similarity with maximum heat 
transfer efficiency occurring within a pitch ratio of 2.0 to 3.0.
The magnitude of this efficiency is much less than that of a l/2" IPS.
A comparison of the heat transfer coefficients for all the test 
specimens is shown in Tables 25 and 26. The purpose of making the 
combination plot of all the specimens tested was to observe the 
characteristics of the film coefficients when the slot spacing was 
changed. A composite plot was attempted for all the specimens tested, 
but the curves intersected and the results had no significance.
From the discussion above it is clear that for the temperature 
and flow range employed the effect of slots arranged in a spiral
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configuiation Increased the heat transfer coefficients by nearly two­
fold for the 1/2" and 3/4" IPS pipe and showed a 50% increase for 




The following conclusions can be drawn from the previous test 
results:
1. For plain pipe it is very advisable to use high flow rates 
to get more heat transfer per unit surface area.
2. The effect of transverse slots cut in a spiral configuration 
on cylindrical pipe produces a definite increase in heat transfer 
for a given flow rate.
3. The closer the slots are spaced the higher the heat transfer 
efficiency.
4. The use of slots permit lower flow rates and lower pumping 
costs.
5. The use of slots permits the use of smaller heat transfer 
equipment.
6. There exists an optimum heat transfer efficiency for each 
individual configuration. For the pipes tested it fell within a pitch 
ratio of 2.0 to 5.0.
As stated before, the purpose of this research was to study heat 
transfer coefficient characteristics in turbulent flow. Due to the 
limitations of the equipment used this was a qualitative and not a
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quantitative analysis. There is a need for further research in this 
field. Smaller pitch ratios should be studied as well as larger 
slots. By increasing the size of the test section higher flow rates 
could be investigated.
Work of this type may be of some help, in the future, for 
developing better heat transfer rates in nuclear reactors, gas turbines 




CALIBRATION OF COOLANT WATER FLOW METER
Since a recent calibration of the Honeywell flow meter was not 
available a calibration test was performed. The test was conducted 
under actual test conditions.
The apparatus used was a 50 gallon steel drum fitted with a 
quick-close valve in the bottom, a platform scale and a stop watch.
The drum was placed on the platform scale and its initial 
weight recorded. The coolant water circulating pump was started and 
the outlet water supply was conveyed to the drum by means of a 
flexible rubber hose. The water was permitted to flow until it 
reached a stable temperature. The flow meter was adjusted to read 
25 units on the circular flow meter chart and the hose was directed 
into the drum. Simultaneously the stop watch was started. After 
two minutes elapsed time the hose was removed from the drum, and the 
final weight measurement was made. The drum was then emptied for 
the next flow rate. This procedure was repeated for flow meter 
readings at intervals of 25 units from an initial flow meter chart 
reading of 25 units to a final flow meter chart reading of 200 units.
The flow rates were converted by:
Flow (Ibs/hr) = (w^ - w^) lb ^ min
2 min. hr.
117
-Where and are final and initial weights recorded, 2 is the 
elapsed time in minutes and 60 is the conversion factor for changing 
minutes to hours.
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